Nucleoside hydrolases are key enzymes in the purine salvage pathway of Trypanosomatidae and are considered as targets for drug design. We previously reported the first x-ray structure of an inosine-adenosineguanosine preferring nucleoside hydrolase (IAG-NH) from Trypanosoma vivax (1). Here we report the 2.0-Å crystal structure of the slow D10A mutant in complex with the inhibitor 3-deaza-adenosine and the 1.6-Å crystal structure of the same enzyme in complex with a genuine substrate inosine. The enzyme-substrate complex shows the substrate bound to the enzyme in a different conformation from 3-deaza-adenosine and provides a snapshot along the reaction coordinate of the enzyme-catalyzed reaction. The chemical groups on the substrate important for binding and catalysis are mapped. The 2-OH, 3-OH, and 5-OH contribute 4.6, 7.5, and 5.4 kcal/mol to k cat /K m , respectively. Specific interactions with the exocyclic groups on the purine ring are not required for catalysis.
. The pH profiles of k cat and k cat /K m indicate the existence of one or more proton donors, possibly involved in leaving group activation. However, mutagenesis of the active site residues around the nucleoside base and an alanine scan of a flexible loop near the active site fail to identify this general acid. The parallel aromatic stacking seems to provide the most likely alternative mechanism for leaving group activation.
Nucleoside hydrolases (NHs) 1 catalyze the irreversible hydrolysis of the N-glycosidic bond in ribonucleosides following the reaction scheme: ␤-purine (or pyrimidine) nucleoside ϩ H 2 O 3 purine (or pyrimidine) base ϩ ribose. The NHs are members of a broader class of N-ribohydrolases and transferases including the clinically important purine-nucleoside phosphorylases (2) and phosphoribosyl transferases (3, 4) . Nucleoside hydrolases play a key role in the purine salvage pathway of protozoan parasites. This salvage pathway is vital for these organisms because they lack a de novo purine biosynthesis pathway (5) (6) (7) . Since neither nucleoside hydrolase activity, nor the encoding genes, have been found in mammals they constitute an attractive target for drug design against a variety of pathogens. On the basis of their substrate specificity the nucleoside hydrolases have been divided into three subclasses: the base aspecific inosine-uridine preferring nucleoside hydrolases (IU-NH) (8) , the purine-specific inosine-adenosineguanosine preferring nucleoside hydrolases (IAG-NH) (1, 9) , and the 6-oxo-purine specific inosine-guanosine preferring nucleoside hydrolases (IG-NH) (10) .
The IU-NHs were scrutinized by V. Schramm and co-workers (11, 12) . For this subclass of enzymes an S n 1 reaction mechanism with a ribosyl oxocarbenium-like transition state was established by kinetic isotope effect studies (11, 12) . Protonation of N-7 of the purine ring before reaching the transition state was proposed to lower the electron density in the purine ring, hence facilitating its departure. The x-ray crystal structures of IU-NHs from Crithidia fasciculata (13) and Leishmania major (14) show a histidine (His 241 in the enzyme from C. fasciculata) as the most likely candidate for the role of general acid (15) . The general base activating the nucleophilic water molecule was identified as Asp 10 . The presence of a general base abstracting a proton from the nucleophilic water and a general acid activating the leaving group is in accordance with the mechanism of the inverting O-glycosidases (16) .
We recently reported the cloning, basic characterization, and crystal structure of the nucleoside hydrolase from Trypanosoma vivax (1), a protozoan parasite that is one of the most important causative agents of trypanosomiasis in African and South American cattle (17) . This nucleoside hydrolase is the first thoroughly investigated representative of the subclass of the IAG-NHs. The structure of the enzyme in complex with the inhibitor 3-deaza-adenosine showed that all the residues interacting with ribose are fairly well conserved among the IU-NHs and the IAG-NHs. The aspartate residue (Asp 10 ) functioning as general base is also conserved. A much greater diversity is observed in the residues surrounding the nucleoside base, as could be expected from the different substrate specificity toward the leaving group. A striking feature of the IAG-NH structure, however, is the apparent lack of specific interactions with the purine base. No evident candidates were found for the role of proton donor, postulated to be essential for catalysis in the nucleoside hydrolases. The histidine proposed to fulfil this function in the IU-NHs is replaced by a tryptophan (Trp 260 ) in the IAG-NH, involved, together with Trp 83 , in aromatic stack-ing with the purine base. Only an aspartate (Asp 40 ) located at 3.51 Å from the purine N-9 or a residue from a flexible loop not visible in the structure remain as candidates for general acid.
In this article we focus on the substrate specificity of the T. vivax IAG-NH. The crystal structure, at 1.6-Å resolution, of a mutant IAG-NH with the natural substrate inosine bound in its active site is presented. This structure shows a different binding mode for the natural substrate from the inhibitor 3-deaza-adenosine. We quantified the contribution to binding and catalysis of the different chemical groups on the substrate. Elaborate site-directed mutagenesis studies are used to determine the molecular basis of the specificity toward the purine ring. Finally, the question of the identity of the proton donor is addressed.
EXPERIMENTAL PROCEDURES
Production of the Mutant IAG-NHs-The T. vivax inosine-adenosineguanosine preferring nucleoside hydrolase (iagnh) open reading frame cloned into the BamHI-PstI restriction sites of the pQE-30 plasmid (Qiagen) was used as the template for all in vitro mutagenic studies (1) . Mutants were created using a primer-extension overlap PCR technique (18) . A forward primer and a complementary reverse primer containing the mutated codon were used together with a general reverse and forward primer for the pQE-30 plasmid to generate the 3Ј and 5Ј fragments of the mutated open reading frame. A PCR with the general primers was used to link both fragments together. This last PCR product was recloned in the pQE-30 plasmid using the BamHI and HindIII restriction sites. A list of forward mutagenesis primers is given in Table I .
Expression and Purification-Expression and purification of the wild type and mutant T. vivax IAG-NHs were performed as described previously (1). E. coli cells (WK6) containing the iagnh open reading frame cloned in the pQE-30 expression vector were used to express the protein. The presence of an N-terminal His 6 -tag allowed for a two-step purification scheme, consisting of a Ni-NTA affinity chromatography step (Qiagen) and gel filtration on a Superdex-200 column (Amersham Bioscience).
Kinetic Analysis of Substrates-The kinetic properties of the IAG-NH for the substrates xanthosine and purine riboside were determined with the reducing sugar assay as described previously (1, 9) . Hydrolysis of adenosine, 2Ј-deoxyadenosine, and 5Ј-deoxyadenosine was monitored spectrophotometrically using the difference in absorption between the nucleoside and the purine base. A ⌬⑀ value of Ϫ1.4 mM Ϫ1 cm Ϫ1 was used at a wavelength of 276 nm. The conversion of 3Ј-deoxyadenosine to 3Ј-deoxyribose and adenine was followed on a C18 HPLC column (100 ϫ 4.6-mm ODS HYPERSIL RP-C18, 5 m) attached to a Waters HPLC system. Substrate and products were eluted with a linear gradient of acetonitrile ϩ 0.08% trifluoroacetic acid in 10 mM ammonium acetate and monitored spectrophotometrically at 260 nm. A linear gradient from 4.5 to 15% acetonitrile over an elution volume of 6 ml led to an optimal separation of substrate and products. All measurements were carried out at 35°C in a 50 mM phosphate buffer, pH 7.0. The data were fitted to the Michaelis-Menten equation using the program Origin (Microcal). All kinetic parameters were calculated per active site making them independent of the multimerization state of the enzyme.
Analysis of pH Data-The pH dependence of the steady state kinetic parameters between pH 4.0 and 10.0 of the T. vivax IAG-NH was determined with inosine as a substrate. The steady state parameters for inosine were measured spectrophotometrically or using the HPLC method as described above. A standard curve for the ⌬⑀ of inosine at 280 nm was determined as a function of pH. To maintain a constant ionic strength of 0.1 M over the whole pH range the measurements were done in a mixed buffer system. In the pH range 3.6 to 9 a buffer containing 50 mM acetic acid, 50 mM MES, and 100 mM TRIS was used. In the higher pH range the mixed buffer was composed of 52 mM TRIS, 52 mM ethanolamine, and 100 mM ACES (19) . The pH dependence of k cat and k cat /K m were fitted to their respective equations, Crystallization, Data Collection, and Processing-Crystals of the D10A IAG-NH were grown using the hanging drop vapor diffusion method. Equal volumes of protein solution (8 mg/ml) and precipitant containing 1.6 M ammonium sulfate in 100 mM TRIS buffer, pH 8.5, were mixed and equilibrated at 20°C. For the 3-deaza-adenosine complex the crystals were soaked in a cryo-solution containing 40% PEG 6000 in a 100 mM HEPES buffer, pH 7.5, and 3 mM 3-deaza-adenosine. After several hours crystals were transferred to the cryostream (100 K) and data were collected to a resolution of 2.0 Å on beamline BW7A (EMBL, DESY, Hamburg). In the case of the inosine complex the crystals were soaked in the same cryo-solution, now containing 50 mM inosine. After 3 min crystals were transferred to the cryostream and data were collected to a resolution of 1.6 Å on beamline ID-14b (ESRF, Grenoble).
The diffraction data were integrated, scaled, and merged with the HKL package (20). Intensities were converted to structure factors using TRUNCATE (21). Relevant statistics for both datasets are summarized in Table II .
Structure Determination and Refinement-The coordinates of the wild type IAG-NH (pdb 1HOZ) were used as a search model to solve the structure of the D10A-inosine complex by molecular replacement using AMORE (22). After a first round of simulated annealing refinement (23) , several cycles of positional and B-factor refinement using CNS (24) were alternated with manual rebuilding in TURBO-FRODO (25) . A total of four inosine molecules, one in each active site of the dimer and two others in crystal packing interfaces, were found per asymmetric unit in 2F o Ϫ F c and F o Ϫ F c maps. The inosine molecule bound in the active site of monomer A of the dimer was refined with full occupancy on the ribose moiety of the nucleoside and with 30% occupancy on the hypoxanthine base. The inosine molecule bound in the other active site (monomer B) was refined with full occupancy on the ribose and 50% occupancy on hypoxanthine. This active site is better resolved and therefore used for further interpretation. The substitution of alanine for Asp 10 was confirmed. Amino acids 247-256 were excluded from the model in both subunits in the asymmetric unit, due to very weak electron density in this region. After refinement an R factor of 17.16% was obtained (free R factor of 19.39%).
The crystal structure of the D10A mutant in complex with 3-deazaadenosine is isomorphous to the previous one. Therefore, refinement was started from the D10A-inosine model (without solvent and ligands), taking care to use the same set of reflections for cross-validation. The refinement procedure used was the same as stated above. The 2F o Ϫ F c and F o Ϫ F c maps in both active sites in the asymmetric unit showed unambiguous electron density for 3-deaza-adenosine. As in the previous structure, amino acids 246 -257 were omitted from the model. The final model provided an R factor of 15.64% (free R factor 21.53%).
The quality of the models was checked with PROCHECK (26) . Figures were made with MOLSCRIPT (27) and CONSCRIPT (28) .
RESULTS
Substrate Specificity-The steady state kinetic parameters of the T. vivax IAG-NH for the common nucleosides and some
TABLE I List of mutagenesis primers
Only the "forward" mutagenesis primers are given. The "reverse" primers are the complement of these primers. The codon shown bold specifies the site of mutation.
Mutant
Primer (5Ј to 3Ј)
GATGGCTACTACGCCGCGGACGCACTCACTGCC nucleoside analogues are summarized in Table III . The k cat /K m ratios show that the enzyme is 1,000 -10,000 times more specific toward the naturally occurring purine nucleosides then toward the pyrimidine nucleosides (1). Xanthosine is the only exception to this rule. While its turnover is comparable with the other purine nucleosides, it binds to the enzyme with a K m that is almost 3 orders in magnitude higher. Purine riboside, which lacks all exocyclic groups on the purine ring, is as good a substrate as the three natural purine nucleosides. The kinetic constants of the deoxynucleosides show the critical importance in catalysis of all three hydroxyl groups of the ribose moiety of the substrate. Removing the 2Ј-OH, 3Ј-OH, or the 5Ј-OH lowers k cat /K m by factors of 1700, 2.3 ϫ 10 5 , and 7100, respectively. While the 2Ј-OH is contributing to catalysis only, the 3Ј-OH and the 5Ј-OH are important for both catalysis and substrate binding.
Effect of pH on the Kinetic Constants of the IAG-nucleoside Hydrolase-
The pH dependence of k cat and k cat /K m was determined between pH 4.0 and 10.0 using inosine as a substrate (Fig. 1) . The turnover rate of the enzyme-catalyzed reaction decreases between pH 4 and 10, with a plateau near pH 7. The data are consistent with the existence of two groups on the enzyme-substrate complex needed in a protonated state for full catalytic activity. Deprotonation of a first group with a pK a of 5.6 Ϯ 0.2 leads to a factor of 10 decrease in k cat . Deprotonation of the second group with a pK a 8.6 Ϯ 0.2 completely abolishes the enzymatic activity. The pH profile of k cat /K m shows an optimum near pH 5.0. Two groups on the free enzyme, with a pK a of 5.0 Ϯ 0.1 and 7.7 Ϯ 0.1, respectively, are needed in a protonated state for optimal formation of the catalytically competent Michaelis complex. An additional third group with a pK a of 5.1 Ϯ 0.1 needed in a deprotonated state appears in the plot of k cat /K m versus pH. The K m value is nearly constant between pH 6 and 8 but increases quickly below and above this pH range.
Structure of Inhibitor and Substrate Complexes-In the present study two x-ray crystal structures of the D10A mutant (see next paragraph) of the T. vivax IAG-NH were solved: one in complex with the active site inhibitor 3-deaza-adenosine and one in complex with the substrate inosine. Since we previously solved the structure of the wild type enzyme in complex with 3-deaza-adenosine (1) this approach enabled us to determine which features in the D10A-inosine complex were due to the mutation and which were caused by the substrate. For a detailed description of the overall fold and the active site architecture of the wild type IAG-NH from T. vivax we refer to Ref. 1 .
Structure of the D10A Mutant in Complex with the Inhibitor 3-Deaza-adenosine-The structure of the D10A mutant in complex with 3-deaza-adenosine consists of a homodimer with each subunit containing 10 ␤-strands, 12 ␣-helices, and three short 3 10 helices (see Fig. 2 ). The overall fold of the protein is nearly identical to the wild type enzyme in complex with 3-deazaadenosine (Protein Data Bank entry code 1HP0, see Ref. 1) , with an root mean square deviation of only 0.512 Å between a subunit of both enzymes (considering main chain atoms only).
The 3-deaza-adenosine molecules found in both active sites of the dimer interact with a Ca 2ϩ ion at the bottom of the active site through their 2Ј-and 3Ј-hydroxyl groups. The ribose adopts an O-1Ј exo envelope conformation in one active site ( 0 E, P ϭ 274°) and a conformation between 4 E and 0 4 T (P ϭ 245°) in the other active site. In both active sites the purine adopts a synconformation toward the ribose. This conformation is analogous to the conformation of 3-deaza-adenosine bound to the wild type IAG-NH (1). A superposition of the active sites of the wild type-3-deaza-adenosine complex and the D10A-3-deazaadenosine complex is shown in Fig. 3A .
Structure of the D10A Mutant in Complex with the Natural Substrate Inosine-The turnover number of the D10A IAG-NH with inosine as a substrate is 0.00058 s Ϫ1 at pH 7.0 (see next paragraph). This means that it takes the enzyme about 28 min to convert an enzyme bound substrate to the products. This allowed us to collect a dataset of the mutant enzyme in complex with inosine at 100 K. At this temperature the enzymatic reaction is stopped and binding and product release are also inhibited (29) .
The overall fold of the D10A-inosine structure is the same as that found for the structure in complex with 3-deaza-adenosine (Fig. 2) . No major conformational changes appear upon binding of the substrate inosine and all the amino acid residues in the active sites of both complexes superimpose nearly perfectly (see Fig. 3B ).
The inosine molecules in the active sites are bound to the enzyme with the ribosyl adopting a C-4Ј endo envelope confor- 
, where I i (hkl) are the intensities of multiple measurements and (I i (hkl)) is the average of the measured intensities for the ith reflection.
where F obs and F calc are observed and calculated structure amplitudes, respectively. R free ϭ R cryst calculated for the test set of reflections not used in refinement.
mation (P ϭ 236°) (see Fig. 4 ). In contrast with the 3-deazaadenosine ligands, the purine ring is oriented in an anti-conformation toward the ribose ( ϭ Ϫ176°) (see Fig. 3B ). When the structure was refined without restraints on the scissile C-1Ј-N-9 bond length this bond was extended to an aberrantly long 1.67 Å.
The ribose is involved in enzyme-substrate interactions in the same way as in the D10A-3-deaza-adenosine complex ( In addition to the two inosine molecules found in the active sites, two other inosine molecules, bound in crystal packing interfaces, were incorporated in the model. In both of these molecules the ribose adopts a C-4Ј endo, C-3Ј exo twist conformation ( 3 4 T), while the nucleoside base is oriented in a syn-conformation toward the ribose. When refined with low energy restraints on the N-glycosidic bond length, values of 1.51 Å and 1.42 Å are found for the C-1Ј-N-9 bond length for both inosines, respectively.
Site-directed Mutagenesis-Several active site residues visible in our crystal structures were replaced by alanine via sitedirected mutagenesis as described under "Experimental Procedures." In Table IV the kinetic parameters of these mutants with inosine as a substrate are compared with the corresponding values for the wild type enzyme at pH 7.0 and/or 5.0 (i.e. the optima for K m and k cat ). Asp 10 has been proposed to be the general base in the reaction mechanism of the nucleoside hydrolases (1) . Upon mutation to alanine the K m value is relatively unchanged while k cat decreases by a factor of 1000 (at pH 5.0) to 9000 (at pH 7.0). leaving group in the structure of the D10A-inosine complex (Fig. 5) ) located near the active site were omitted because of weak electron density (see above and Fig. 2 ). In accordance with, among others, the catalytically related phosphoribosyl transferase (30, 31) , a role in catalysis was previously assigned to this loop in a type of induced fit mechanism (1). To test this hypothesis all amino acids containing functional side chains in this loop were mutated to alanines. Tyr 257 and Tyr 258 were additionally mutated to phenylalanines. The results of this study are summarized in Table IV . Five mutants, C245A, T246A, R252A, Y257A, and Y258A, show a significant increase in K m . The effect of both tyrosines on K m is clearly due to the aromatic moiety of the side chain since mutation to phenylalanine has no effect. None of the "flexible loop" mutants seem to have a negative effect on catalysis. On the contrary replacing Arg 252 with alanine increases the turnover almost 5-fold. The same phenomenon is observed, although to a lesser extend, in the Y257A and Y258F mutants.
DISCUSSION

Inhibitor Versus Substrate Binding in the Crystal Structure of the T. vivax IAG-NH
Previous reports of x-ray structures of nucleoside hydrolases dealt with uncomplexed enzymes or enzymes in complex with an inhibitor (e.g. IU-NH from C. fasciculata in complex with p-aminophenyliminoribitol (13); or IAG-NH from T. vivax in complex with 3-deaza-adenosine (1)). Since these inhibitors differ, by definition, to a greater or lesser extent from the real substrates, far-reaching conclusions concerning catalysis drawn from such structures should be regarded with caution.
Here we present the structure of a slow mutant enzyme, D10A, in complex with inosine, the natural substrate of the enzyme. Since Asp 10 corresponds to the general base in the reaction mechanism of the nucleoside hydrolases and increases the nucleophilicity of the attacking water molecule, replacing Asp 10 by an alanine will slow the attack of the water molecule on the oxocarbenium-like transition state. The 9000-fold decrease in k cat of the D10A mutant allowed us to solve its structure in complex with inosine. A second structure of the same mutant in complex with the inhibitor 3-deaza-adenosine allowed for a straightforward interpretation of the changes observed between the D10A-inosine complex and the previously reported structure of the wild type IAG-NH in complex with 3-deaza-adenosine.
Comparison of the structures of the wild type enzyme and the D10A mutant complexed with 3-deaza-adenosine shows a nearly identical position and conformation of the ligand in the active sites of both structures. However, deleting the carboxyl of Asp 10 in the D10A mutant causes the proposed catalytic water to shift about 0.5 Å away from the scissile bond (Fig. 3A) . This causes in turn a shift of the Asp 40 side chain which has moved 3.1 Å compared with the wild type structure. This structural rearrangement may contribute to the dramatic effect of the D10A mutation on k cat . No conformational changes in the enzyme can be observed between the inosine and 3-deaza-adenosine complexed mutant structures. Striking, however, is the difference in ligand binding. While the 3-deaza-adenine base is bound in a syn-conformation toward the ribose, the hypoxanthine base of inosine is bound in the anti-conformation (Fig. 3B) . In this conformation the N-3 of the hypoxanthine base is located 2.55 Å from the carboxamide group of Asn 12 , while Asn 12 is not in the proximity of the nucleoside base in the D10A-3-deaza-adenosine structure. One explanation for the conformational change is that a catalytically important hydrogen bond between Asn 12 and N-3 keeps the nucleoside base in the anti-conformation in common substrates. Substitution of the N-3 by a carbon atom, as in 3-deaza-adenosine, would abolish this hydrogen bond and would lead to a nucleoside base bound in the syn-conformation. If this hypothesis were correct substituting Asn 12 would have the same effect as replacing N-3 in the nucleoside base. However, the N12A mutation does not affect k cat and has only a small effect on K m (Table IV) , indicating that Asn 12 is close to N-3 but does not strongly interact with it. Another possible explanation for the 3-deaza-adenosine conformation and inhibitory effect is that a negative interaction (i.e. a steric clash) between Asn 12 and the hydrogen atom (H-3) connected to C-3 in 3-deaza-adenosine forces binding in the, presumably catalytically incompetent, syn-conformation. In both the syn-and anti-conformations the nucleoside base is stacked between the side chains of Trp 83 and Trp 260 accounting for the strong binding of 3-deaza-adenosine (K I ϭ 0.2 M).
Substrate Binding Versus Transition State Binding
Both inosines in the active sites of the D10A-inosine complex are bound with their ribosyl group adopting a C-4Ј endo-conformation (Fig. 4) , which is energetically less favorable than the commonly observed C-3Ј endo and C-2Ј endo-conformations (32) . This conformation is, however, very close to the C-3Ј exo-conformation expected to be adopted by the oxocarbenium transition state of an S n 1 mechanism (11). A nearly identical C-4Ј endo-conformation was observed for the iminoribitol moiety of p-aminophenyliminoribitol bound in the active site of the IU-NH of Crithidia fasciculata. A pseudorotation phase angle, P, equal to 236°is observed for inosine in our structure, while P is 233°for p-aminophenyliminoribitol in the IU-NH (13) . p-Aminophenyliminoribitol is a proposed transition state analogue where the ribose part of the nucleoside is replaced with an iminoribitol group mimicking the main features of the oxocarbenium ion. Another interesting structural feature is the length of the N-glycosidic bond. When the inosines in the active sites of IAG-NH were refined with a fixed C-1Ј-N-9 bond length of 1.46 Å, the hypoxanthine base did not fit the density well. When the restraints on this bond length were relaxed, the distance between C-1Ј and N-9 increased to 1.67 Å, while the corresponding bonds in the "control" inosines, situated in the crystal packing, were unaffected. In the transition state of the nucleoside hydrolases the C-1Ј-N-9 bond is expected to be nearly broken with the N-9 located at 2.0 Å from the anomeric carbon (11) . These data suggest that the inosines are bound in a reactive conformation in the active sites of our structure. Such a conformation may be considered as a species along the reaction coordinate of the IAG-NH-catalyzed reaction prior to reaching the transition state.
Substrate Specificity
Ribose Specificity-The energy needed to force a ribose into the C-4Ј endo-conformation as observed in the active sites of the D10A-IAG-NH would be of the order of 2.5-3 kcal/mol (33) . The steady state kinetic parameters of 2Ј-deoxyadenosine, 3Ј-deoxyadenosine, and 5Ј-deoxyadenosine indicate that all hydroxyl groups are involved in stabilizing this intrinsically unfavorable conformation (Table III) . The 2Ј-OH is within interacting distance of Asp 14 ( Fig. 5) . Removal of this hydroxyl increases the activation energy to be surmounted by ϳ3.9 kcal/ mol, while binding of the ground state remains roughly unaffected. This means that the Asp 14 -2Ј-OH interaction is involved only in catalysis and is used to distort the ribose ring. The 3Ј-OH, which interacts with Asn 186 and Asp 261 , and the 5Ј-OH, which interacts with Asn 173 and Glu 184 , are extremely important for catalysis and substrate binding. With the 2Ј-OH contributing 4.6 kcal/mol, the 3Ј-OH contributing 7.5 kcal/mol, and the 5Ј-OH contributing 5.4 kcal/mol to the catalytic efficiency (k cat /K m ) we can state that the three hydroxyl groups are indispensable in the mechanism of the IAG-nucleoside hydrolases.
Molecular Basis of the Purine Specificity-While the IU-NHs do not discriminate between purine and pyrimidine nucleosides, the IAG-NHs are truly purine specific (see Table III ). Yet, the only requirement for efficient catalysis seems to be the presence of the purine ring, since the hydrolysis of purine riboside, which lacks all exocyclic groups on the purine ring, is as effectively catalyzed as the other purine nucleosides. The only exception to this rule is xanthosine which is negatively charged at physiological pH (34) . This charge will certainly hamper the binding of this compound in the highly negatively charged active site pocket of the IAG-NHs.
From the crystal structures it is clear that the IAG-NH from T. vivax has only four amino acids, Asn 12 , Asp 40 , Trp 83 , and Trp 260 , at its disposal to discriminate between purine and pyrimidine nucleosides (Fig. 5) . Replacing Asn 12 and Asp 40 with alanines has very little effect on turnover and substrate binding with inosine as a substrate (Table IV) , making it unlikely that these residues are responsible for purine specificity. On the contrary, the W83A and W260A mutants are severely impaired in catalysis (Table IV) . The indole rings of these tryptophans are involved in a face-to-face aromatic stacking interaction with the purine base. Trp 83 is aligned perfectly parallel to the purine base, while the indole ring of Trp 260 is somewhat tilted (Fig. 5 ). Since such a parallel stacking interaction is much more favorable with heterocyclic purines than with monocyclic pyrimidines (35, 36) these interactions could contribute to the purine specificity. In this regard it should be noted that in the base-aspecific IU-NHs, Trp 83 is replaced with an isoleucine and Trp 260 with a histidine (1). We compared the steady state kinetic parameters of the wild type IAG-NH with a purine nucleoside (inosine) and a pyrimidine nucleoside (uridine) with the same parameters for the W83A and W260A mutants and obtained the thermodynamic cycles shown in Fig.  6 . The wild type enzyme is a factor 25,760 more specific (i.e. a 25,760 times higher k cat /K m ) toward inosine than to uridine. This corresponds to a free energy difference of 6.24 kcal/mol, with the difference in turnover rate accounting for 3.36 kcal/ mol, and the difference in binding for 2.88 kcal/mol. For the W83A mutant (Fig. 6a ) the free energy difference between inosine and uridine is reduced to 3.97 kcal/mol, which corresponds to a loss in purine specificity of 2.27 kcal/mol. This difference can be totally assigned to substrate binding. The difference in turnover rate between inosine and uridine is unaffected by the mutation. The same effect is observed for the W260A mutant (Fig. 6b) . For this mutant the free energy difference between inosine and uridine is reduced to 1.54 kcal/ . The Gibbs free energy differences (⌬G and ⌬⌬G) are given in kcal/mol. The abbreviations used are ⌬G cat , catalytic free energy difference (i.e. related to k cat or activation energy difference); ⌬G bind , binding free energy difference (i.e. related to K m ); ⌬G total , total free energy difference (i.e. related to the specificity constant k cat /K m ).
mol. The loss in purine specificity now amounts to 4.71 kcal/ mol. The difference in turnover between inosine and uridine remains unaffected by the mutation, but this mutant has by far the lowest K m for the pyrimidine nucleoside. In conclusion, the parallel aromatic stacking between Trp 83 , the nucleoside base, and Trp 260 contributes significantly to the turnover of purine and pyrimidine nucleosides, but discriminates between purines and pyrimidines at the level of substrate binding. The discrimination by the IAG-NHs between purine and pyrimidine nucleosides on the level of turnover remains unaccounted for.
Is a General Acid Involved in the Enzyme Mechanism?
Kinetic isotope effect studies on the IU-NH of C. fasciculata have established that in the reaction mechanism of these enzymes the N-7 of the purine ring is protonated prior to reaching the transition state (11) . Protonation of the leaving group lowers the electron density in the purine ring, hence pulling the electrons of the N-glycosidic bond. Protonation of the leaving group is considered to be a general feature in the mechanism of many N-glycosidic bond cleaving enzymes (e.g. purine nucleoside phosphorylases (2), AMP nucleosidases (37) , and the reverse reaction of phosphoribosyl transferases (38) ). For the IU-NHs a histidine was proposed to function as the general acid (15) .
The pH dependence of k cat for the T. vivax IAG-NH shows that two residues must be protonated for full enzymatic activity. In the pH profile of k cat /K m apparently the same two groups are observed together with an additional residue needed in a deprotonated state. The most likely candidates for this last residue are Glu 184 or Asp 261 which are expected to contribute to the substrate binding via interaction with the 5Ј-OH and 3Ј-OH, respectively (Fig. 5) . The identity of the two protonated residues is less obvious. In analogy with the IU-NHs, a role as general acids in protonating the purine leaving group, was ascribed to them previously (1, 9) . For the "low pK a " residue (pK a ϭ 5.6) an aspartate or glutamate with a raised pK a or a histidine residue with reduced pK a could be considered. A histidine, a tyrosine, or a cysteine residue could account for the "high pK a " group. However, only Asn 12 , Asp 40 , Trp 83 , and Trp 260 are within interaction distance of the purine base. Also, a fixed water molecule is hydrogen bonded to the N-7 of the hypoxanthine base in the D10A-inosine structure (Fig. 5) . His 241 in the IU-NH, the proposed general acid in these enzymes, is replaced with Trp 260 in the IAG-NH. Asp 40 , which a priori would be a good candidate for the low pK a general acid, can be ruled out since the D40A mutation has little effect on k cat or K m (see Table IV) .
A fixed water molecule such as the one hydrogen bonded to the N-7 of the nucleoside base has been proposed to act as general acid in the thymidylate synthase from Lactobacillus casei (39) . However, in that enzyme the water molecule is itself hydrogen bonded to a histidine, which might lower its pK a . In the IAG-NH the water molecule hydrogen bonded to N-7 interacts only with other water molecules. During the hydrolysis of the N-glycosidic bond the pK a of the N-7 changes from 2.3 in the substrate inosine to 8.5 in the product hypoxanthine (31) . It is difficult to imagine a water molecule, itself with a pK a of 15.7, as a general acid without any aid from an amino acid.
It is possible that the proton donor(s) required for chemical turnover are located in the part of the structure that is poorly defined in the electron density map. This region contains a number of ionizable residues (Cys 245 ) that could serve catalytic functions. The loop would then have to undergo a conformational change to bring these groups into position for catalysis. An analogous mechanism was recently described in the APRTase of Saccharomyces cerevisiae, where a catalytically important glutamate was identified in a flexible loop via mutagenesis (30) . To test this hypothesis for the IAG-NH, we performed an alanine scan on all the amino acids bearing a functional side chain in the flexible loop (see Table IV ). None of these mutants was significantly impaired in its catalytic abilities, ruling out any of these residues as general acids.
All these data, although contradictory to the pH profile and the higher k cat with purines as compared with pyrimidines, seem to suggest that the IAG-NH from T. vivax functions without the involvement of a general acid activating the leaving group. More complex mechanisms, such as conformational changes, could underlie the observed pH profile. As an alternative we propose a mechanism in which the leaving group is partly activated without the involvement of a genuine proton donor, through the parallel aromatic stacking with Trp 83 and Trp 260 . Apart from their role in substrate binding and purine specificity, these tryptophan residues are also important for turnover (Table IV) . A face-to-face aromatic stacking geometry arises from the interaction between the highest occupied molecular orbital of the donor ring (Trp) and the lowest unoccupied molecular orbital of the acceptor ring (purine). Using an indole-adenine system it has been shown that protonation of the nucleoside base lowers the lowest unoccupied molecular orbital energy, leading to a strengthening of the highest occupied molecular orbital-lowest unoccupied molecular orbital mixing and thus a reinforcement of the stacking interaction (36, 40) . As such, the parallel stacking interaction would strengthen while the IAG-NH-catalyzed reaction proceeds from an unprotonated ground state to a tentative protonated transition state. This would have the effect of increasing the pK a of the purine base and would explain the contribution of Trp 83 and Trp 260 to catalysis.
Conclusions
In this paper we reported the crystal structures of the D10A mutant of the IAG-NH from T. vivax in complex with the inhibitor 3-deaza-adenosine and the substrate inosine. The D10A-inosine complex shows a snapshot of a pre-transition state species along the reaction coordinate of the enzyme-catalyzed reaction. The danger of overinterpreting enzyme-inhibitor complexes is pointed out, as the natural substrate inosine is bound in a different conformation to the active site as the substrate analogue inhibitor, 3-deaza-adenosine. We also examined the substrate specificity of the IAG-NH. While all three hydroxyls of the ribose contribute significantly to catalysis, the presence of a purine ring seems to be the only requirement for an effective leaving group. The purine specificity of the IAGNHs is imposed by a parallel aromatic stacking interaction involving Trp 83 and Trp 260 . Mutating one of these tryptophans to alanine drastically reduces the preference of the IAG-NHs for the purine nucleoside inosine over the pyrimidine nucleoside uridine. The lack of specific interactions between the enzyme and the nucleoside base of the substrate is striking. The presence of a general acid involved in protonating the leaving group was inferred from the pH profile and previous studies with the IU-NH from C. fasciculata. Site-directed mutagenesis of the active site residues and an alanine scan of a flexible loop in the vicinity of the active site failed to identify this proton donor. An alternative mechanism to activate the leaving group, by increasing its pK a , through the parallel aromatic stacking interaction is proposed.
